Abstract. High-resolution, laboratory, absorption spectra of the 1 ∆ ← 3 − oxygen (O2) band measured using 11 cavity ring-down spectroscopy were fitted using the Voigt and speed-dependent Voigt line shapes. We found that 12 the speed-dependent Voigt line shape was better able to model the measured absorption coefficients than the Voigt 13 line shape. We used these line shape models to calculate absorption coefficients to retrieve atmospheric total 
Introduction

26
Accurate remote sensing of greenhouse gases (GHGs), such as CO2, in Earth's atmosphere is important for studying 27 the carbon cycle to better understand and predict climate change. The absorption of solar radiation by O2 in the
28
Earth's atmosphere is important because it can be used to study the properties of clouds and aerosols, and to 29 determine vertical profiles of temperature and surface pressure. Wallace and Livingston (1990) were the first to 30 retrieve total columns of O2 from some of the discrete lines of the 1 ∆ ← 3 − band of O2 centered at 1.27 µm
31
(which will be referred to bellow as the 1.27 µm band) using atmospheric solar absorption spectra from the Kitt 
72
The need to include non-Voigt effects when calculating absorption coefficients for the O2 1.27 µm band was first 
74
(2014), Lorentzian widths were calculated using the re-quantized classical molecular-dynamics simulations
75
(rCMDSs) and used to fit cavity-ring-down spectra with a Voigt line shape for some isolated transitions in the O2 76 1.27 µm band. The studies concluded that a Voigt line shape is insufficient for modeling the spectral lines of the O2 77 1.27 µm band and that effects such as speed dependence and Dicke narrowing should be included in the line shape 78 calculation.
79
In this study, air-broadened laboratory cavity-ring-down spectra of the O2 1.27 µm band were fitted using a spectral
80
line shape that takes into account speed dependence. The derived spectroscopic parameters for the speed-dependent
81
Voigt line shape were used to calculate absorption coefficients when fitting high-resolution solar absorption spectra.
82
Using these new O2 total columns, and the simultaneously measured CO2 total columns, using the updated line 84 retrieved using a Voigt line shape. Section 2 details the formulas used to calculate absorption coefficients using 85 different spectral line shapes. In Section 3, we describe the retrieval of spectroscopic parameters from three air-
86
broadened cavity-ring-down spectra fitted with a speed-dependent Voigt line shape. For Section 4, the speed-87 dependent line shape along with the retrieved spectroscopic parameters is used to fit solar absorption spectra from
88
four TCCON sites and retrieve total columns of O2, which is compared to O2 retrieved using a Voigt line shape. In
89
Section 5, we investigate the change in the airmass dependence of XCO2 with the new O2 retrievals. In Section 6, we 90 discuss our results and their implications for remote sensing of greenhouse gases.
91
Absorption Coefficient Calculations
92
Voigt Line Shape
93
The Voigt line shape is the convolution of the Lorentz and the Gaussian profiles, which model pressure and Doppler
94
broadening of the spectral line respectively. The corresponding absorption coefficient, , at a given wavenumber 95 becomes :
where is the number density, is the line intensity of spectral line , is the Doppler half-width (HWHM), c is 97 the complex error function, and
Here, is the position of the spectral line , is the pressure, and is the pressure-shift coefficient. The Lorentz
99
half-width, , is calculated using:
where is the air-broadened Lorentz half-width coefficient (at reference temperature 296 K) and is the exponent 
where is the speed-dependent Lorentz width parameter (unitless) for line , is the speed-dependent pressure-
111
shift parameter (unitless), is
, V is the ratio of the absorbing molecule's speed to the most probable speed
112
of the absorbing molecule, and all other variables are defined before.
113
Fitting Laboratory Spectra
114
O2, unlike CO2 and CH4, cannot produce an electric dipole moment and therefore should not be infrared active.
115
However, O2 has two unpaired electrons in the ground state that produce a magnetic dipole moment. Due to the 116 unpaired electrons in the ground state ( 3 − ) the rotational state (N) is split into three components which are given respectively. Figure 1a shows the three measured absorption spectra. A more detailed discussion of the present FS-
129
CRDS spectrometer can be found in Lin et al. (2015) .
130
The spectra were fitted individually using a Voigt line shape (Eq. 
136
Spectral fits were done using the lsqnonlin function in Matlab, with a user-defined Jacobian matrix. The Jacobian
137
was constructed by taking the derivative of the absorption coefficients with respect to the parameters of interest.
138
Using an analytical Jacobian instead of the finite difference method is both computationally faster and more 
146
Figure 2 is the same plot as Figure 1 but for the P(11)P(11), P(11)Q(10), P(9)P(9), and P(9)Q(8) spectral lines only.
147 Figure 2b shows that for all four spectral lines there is a "W" shaped residual at the line center. The P(11)P(11) line 
149
(2013) shows the P(11)P(11) line at a pressure of 66.7 kPa, which is approximately the pressure of the 66.9 kPa 150 spectrum (blue spectrum in Figure 1 and 2). When one compares the blue residual of the P(11)P(11) line in Figure   151 2b to that of the residual of the left panel of Figure 
153
which is also seen in Figure 2b . 156 Figure 1c shows the residual when using the speed-dependent Voigt (Eq. 4) to fit each spectrum individually. To use simple numerical integration scheme as was done by Wehr (2005 
161
The Jacobian matrix was created by taking the derivative with respect to each parameter of interest, as was done
162
with the Voigt fits. By taking speed-dependent effects into account, the residuals were reduced to 25 times smaller 163 than those for the Voigt fit and the RMS residuals (given in the legend of Figure 1c ) are 10 times smaller. However,
164
some residual structure still remains, which is more evident in the in the Q and R branches than the P branch. Figure   165 2c shows the four lines in the P branch, as discussed when analyzing the Voigt fits. A small residual "W" remains at
166
line center, as well as residuals from weak O2 lines.
167 Figure 3 shows the averaged intensity, Lorentz width coefficient, pressure shift coefficient, and speed-dependent 
271
To correct for this, an empirical correction is applied to all TCCON XCO2 (and XGas). 
where ̂ is the mean value of XCO2 measured that day, is the fitted coefficient of the antisymmetric function ( )
276
and is the fitted coefficient of the symmetric function ( ). 
where is the time of the measurement and is the time at solar noon, both in units of days. The symmetric 
where is the SZA in degrees. To determine for the different line shapes, total columns of CO2 were retrieved 
282
Henceforth, we will refer to XCO2 calculated from O2 and CO2 using the Voigt line shape as XCO2 Voigt and the 283 qSDV line shape as XCO2 qSDV. 
291
For all four sites, = -0.0071 is used to correct XCO2 Voigt measurements. Figure 10a shows 
313
decrease in the retrieved O2 column due to using the qSDV. As discussed previously (section 5) the decrease in the 314 retrieved O2 column is an improvement but the expected column of O2 is still approximately 1.2% higher (at the 315 smallest SZA) than it should be. Therefore, the retrieved column of CO2 is higher than it should be, and the slope 316 would be greater if the retrieved column of O2 was 1.2% lower. Never the less using the qSDV to retrieve total 317 columns of CO2 and O2 reduces the difference between TCCON XCO2 and aircraft XCO2 measurements by 0.62 %.
318
TCCON XCO2 measurements are divided by the scale factors (or bias determined in Figure 11 ) to calibrate to the
319
WMO scale. For all TCCON XCO2 measurements retrieved with a Voigt line shape, the airmass correction is first 320 applied to the data and the result is divided by the determined bias factor, 0.9897. 2014). By using the speed-dependent Voigt line shape when calculating the absorption 342 coefficients, we were better able to reproduce the measured absorption coefficients than using the Voigt line shape.
343
However, some residual structure remains as seen Figures 1 and 2 . This is partly due to the blending of spectral lines
344
(i.e., line mixing) and the inability to retrieve the spectroscopic parameters for weak O2 transitions. Fitting low-
345
pressure spectra would help with isolating spectral lines and decreasing the uncertainty on the retrieved 346 spectroscopic parameters for the Q branch lines.
347
Accurate measurements of the pressure shifts in the 1.27 µm band have been hard to obtain as shown in Newman et 
365
It is evident that the parameters might be compensating for affects (such as line mixing) that were not included when 366 fitting the lab spectra and changing these parameters (or omitting them) could lead to degradation in the quality of 367 the spectral fits of solar spectra and change the airmass dependence of the retrieved column of O2 which would 368 impact the airmass dependence of XCO2.
369
The pressure dependence of the retrieved speed-dependent width parameter is an indication that Dicke narrowing 
